A tetraphenylethylene-based compound with the property of aggregation-induced emission was designed and synthesized. It exhibited good sensitivity and selectivity to Cu 2+ over other metal ions (Zn 2+ , Cd 2+ , Ba 2+ , Ni 2+ , Mg 2+ , Ca 2+ , Co 2+ , Fe 3+ , Pb 2+ , Mn 2+ , Fe 2+ , Ag + , K + , and Hg 2+ ) in an aqueous solution by the "turn-off" UV-vis absorbance and fluorescence signals. More interesting, with the subsequent addition of histidine rather than other amino acids such as proline, alanine, aspartic acid, lysine, arginine, leucine, glutamine or cysteine, the complex between the compound and Cu 2+ was disrupted, and the UV-vis absorbance and fluorescence signals were recovered, indicating that the complex from the compound and Cu 2+ could be used as a "turn-on" fluorescent probe for histidine.
Introduction
Copper is the third most abundant trace metal (behind iron and zinc) found in the human body. It is a cofactor for a variety of oxidative enzymes and plays an important role in various biological processes. 1 On the other hand, copper ion is a significant metal pollutant due to its widespread use and the toxic impact of its excess on microorganisms even at submicromolar concentrations. 2 It has been found that the alteration in the cellular homeostasis of copper is connected to serious neurodegenerative diseases, including Menkes disorder, Wilson's disease, familial amytropic lateral sclerosis, and Alzheimer's disease. 3, 4 Thus, chemosensors for copper ions, [5] [6] [7] [8] especially those used in environment friendly aqueous solvents with sensitive and fast fluorescent response signals, [9] [10] [11] have received much attention in recent years.
Histidine (His) not only plays a key role in the formation of the myelin sheath, the protective barrier that surrounds neural cells and supports the transmission of brain signals to different parts of the body, but also participates in the detoxification of heavy metals and other cellular debris for elimination through the liver and kidneys. 12 Thus, the detection of His is important in biochemistry and molecular biology. Numerous methods have been reported for the determination of His, [13] [14] [15] [16] therein, the indicator-displacement assay with Cu 2+ is a representative design principle. [17] [18] [19] In the indicator-displacement assay, the absorbance or fluorescence of the indictor, which is bound to the receptor through non-covalent interactions, is either quenched or enhanced by the receptor, but then recovers when the analyte displaces the indicator. For example, Zhou et al. 20 has employed a DNA-scaffolded silver nanocluster/Cu 2+ ensemble as a turn-on fluorescent probe for His based on the fact that His has better coordination ability than the nucleic acids of the DNA-AgNCs to Cu 2+ . Since the phenomenon named aggregation-induced emission (AIE) was reported, 21 in which non-emissive dyes can be induced to emit efficiently by the aggregate formation, a large number of AIE-active dyes, such as tetraphenylethylene-based compounds, have been developed in the fields of organic light-emitting diodes and chemo/bioprobes. [22] [23] [24] [25] [26] Though some tetraphenylethylene-based sensors for metal ions have been reported, [27] [28] [29] [30] and a tetraphenylethylene-based zinc complex was reported as a sensitive DNA probe by coordination interaction, 31 there is still few related studies on the detection of Cu 2+ or amino acids by the indicator-displacement assay with Cu 2+ . 32 In this report, a tetraphenylethene-based fluorescent compound 1 was synthesized and used to detect Cu 2+ in an aqueous solution. The compound 1 showed a strong AIE effect in the aqueous solution but after the addition of Cu 2+ its fluorescence was quenched. Moreover, the fluorescence quenching was reversible with the subsequent addition of His, indicating that in the presence of Cu 2+ the compound 1 can be also used as a potential "turn-on" fluorescent probe for His.
Experimental

Reagents and chemicals
All reagents were of the highest grade available and used without further purification, except toluene and tetrahydrofuran (THF) which were pre-dried with Na then purified by distillation. The solutions of Zn 2+ , Cd 2+ , Ba 2+ , Ni 2+ , Mg 2+ , Ca 2+ , Co 2+ , Fe 3+ , Pb 2+ , Mn 2+ , Fe 2+ , Ag + , K + , and Hg 2+ were prepared from their hydrated perchlorate salts.
Synthesis of compound 1
Compound 1 was synthesized by Suzuki coupling reaction (Scheme 1). Under the nitrogen atmosphere, 4-bromo-N,Nbis(pyridylmethyl)aniline (0.28 g, 0.94 mmol), 1,2,2triphenylvinylboronic acid (0.22 g, 0.61 mmol), Aliquat 336 (42 mg), K2CO3 (0.60 g, 4.4 mmol), 25 mL distilled toluene, 4 mL ultrapure water and 20 mg Pd(PPh3)4 were sequentially added into the three-necked flask and heated at 120 C for 18 h. Then after cooling, the resulting mixture was extracted with CH2Cl2. The organic layer was dried over anhydrous Na2SO4, and the solvents were evaporated in vacuum. The residue was chromatographed on silica gel with petroleum ether (60 -90 C)/ ethyl acetate (1:1, v/v) as eluent to give 0.29 g (yield: 91%) of the product as a pale yellow solid. 
Measurements
UV-visible spectra were measured on a JASCO V-570 spectrometer in a 1-cm quartz cell. Fluorescence measurements were carried out with a JASCO-FP6600 spectrometer in a 1-cm quartz cell.
Results and Discussion
The AIE phenomenon of compound 1
At the diluted concentration (20 μM), compound 1 in THF was non-luminescent, but by the addition of water its emission was turned on. As shown in Fig. 1 , after addition of water, its maximum absorption shifted from 334 to 344 nm and its fluorescence intensity at 499 nm (excited at 344 nm) was increased by 310 fold at 99% volume fraction of water. The fluorescence enhancement could also be detected with the naked eyes (inset of Fig. 1 ).
The UV-visible absorbance and fluorescence change by the addition of Cu 2+
As illustrated in Fig. 2a , compound 1 (20 μM) in the THF/water mixture (1:99, v/v) showed its highest absorbance at about 344 nm. However, the addition of Cu(ClO4)2 led to a decrease of its absorbance intensity and a slightly blueshift of its maxima absorbance. Moreover, the intensity of the absorbance was decreased linearly with the concentration of Cu 2+ up to a ligand/Cu 2+ ratio of 1. And when even more Cu 2+ was added the absorbance remained almost unchanged, implying a 1:1 complex was formed between compound 1 and Cu 2+ (inset of Fig. 2a ).
The fluorescence emission spectra of compound 1 in the THF/water mixture (1:99 v/v) in the presence of Cu 2+ was also examined. Similarly to the UV-visible absorbance change but more obviously, the fluorescence emission was quenched gradually upon the addition of Cu(ClO4)2, as shown in Fig. 2b . A linear decrease of the fluorescence intensity at 499 nm was also observed until one equiv. of Cu 2+ was added. Further addition of Cu 2+ led to only a nominal decrease in fluorescence intensity (inset of Fig. 2b) . The TOF-MS result of the solution containing compound 1 and Cu 2+ with a mole ratio of more than 1 also supported that their complex was formed as a 1:1 ratio, because only the peak at a mass/charge (m/z) unit of 592.2 assigned to the formed complex between compound 1 and Cu 2+ , and the peak at m/z of 528.1 likely due to the free compound 1 by decomplexation were observed by TOF-MS. Moreover, based on the Stern-Volmer equation: 33, 34 
I0/I = 1 + Ksv[Q]
(1)
where I0 and I were the fluorescence intensity at 499 nm in the absence and presence of the quencher Cu 2+ , respectively, and [Q] was the concentration of the quencher Cu 2+ , the Stern-Volmer constant (Ksv) was determined at about 2.12 × 10 5 M -1 and was comparable to some earlier reports. 33, 34 The detection limit, taken as the concentration of Cu 2+ which produced a signal equivalent to three times the standard deviation of the blank, was calculated to be 0.17 μM and was also satisfactory for Cu 2+ detection in drinking water within U.S. EPA limit (~20 μM). 35 
Selectivity over metal ions
Compound 1 exhibited excellent selectivity for Cu 2+ over many other metal ions (Zn 2+ , Cd 2+ , Ba 2+ , Ni 2+ , Mg 2+ , Ca 2+ , Co 2+ , Fe 3+ , Pb 2+ , Mn 2+ , Fe 2+ , Ag + , K + , and Hg 2+ ). As shown in Fig. 3 , an excess of these hydrated perchlorate salts (100 μM) had little effect on the fluorescence intensity of compound 1 (20 μM in THF/water, 1:99, v/v), while 1.0 equiv. Cu 2+ was added subsequently, its fluorescence intensity was almost quenched completely. The similar phenomenon was reported by Guo et al., using bis(2-pyridylmethyl)amine as the Cu 2+ ligand of their fluorescent sensor for Cu 2+ . 34 Additionally, to explore the effects of anionic counterions, fluorescence response of compound 1 to bivalent copper salts with different cations (Cu(ClO4)2, CuCl2, Cu(OAc)2, and Cu(NO3)2) was examined in an aqueous solution. The results showed that there were no obvious differences in the fluorescence sensing behavior of compound 1 to these perchlorate, chloride, acetate, and nitrate salts. The metal ion Cu 2+ was bound with the bis(2pyridylmethyl)amine group in compound 1 and the fluoresence was efficiently quenched due to the paramagnetic properties of Cu 2+ via electron or energy transfer. 20 The UV-visible absorbance and fluorescence change by the subsequent addition of His
The above results indicated that compound 1 was a "turn-off" fluorescent sensor for Cu 2+ . Considering that some complexes of Cu 2+ were used to detect His based on the indicatordisplacement assay principle, the UV-visible absorbance and fluorescence change of the complex between the compound 1 and Cu 2+ upon the addition of His was also tested.
As shown in Fig. 4a , when His was gradually added, the absorbance of compound 1 in the presence of Cu 2+ increaseed accordingly. Almost no change of absorbance was observed after the addition of 2.0 equiv. of His. A similar change was also observed in the fluorescence. The fluorescene signal of compound 1 caused by AIE effect gradually increased with the amount of His, and changed faintly when more than 2.0 equiv. of His was added (shown in Fig. 4b ). It is well-known that the imidazole moieties can help His snatch the copper ions from other complexes. 20, 36, 37 Thus, the increase in the absorbance and fluorescence by the addition of His both indicated that His pulled Cu 2+ from the coordination sphere of the initial complex, and coordinated with the metal ion in a 2:1 ratio by its imidazole group, so that the electron or energy transfer between the compound 1 and Cu 2+ was inhibited and the AIE phenomenon attributed to the tetraphenylethylene structure in compound 1 was recovered.
The selectivity of the complex from the chemosensor and Cu 2+ over different amino acids
To examine the selectivity of the complex from compound 1 and Cu 2+ to His, the responses of the complex to other different amine acids contaning proline (Pro), alanine (Ala), aspartic acid (Asp), lysine (Lys), arginine (Arg), leucine (Leu), glutamine (Gln), cysteine (Cys), and tyrosine (Tyr) were also recorded in the aqueous solution. The results (Fig. 5 ) showed the addition of other amino acids had a slight effect on the fluorescence of compound 1. The reason was that His had a better coordination ability than the bis(2-pyridylmethyl)aniline unit of compound 1 and could bind Cu 2+ in a 2:1 association process. Whereas, for the case of the other amino acids, Cu 2+ was still coordinated to compound 1 and the electron or energy transfer still existed so that the enhancement in fluorescence could not be observed.
Conclusions
A compound with the tetraphenylethene and bis(2-pyridylmethyl) amine units was synthesized to detect Cu 2+ in an aqueous solution. Therein, its tetraphenylethene structure was the indicator and its bis(2-pyridylmethyl)amine unit was the receptor. The result showed that the compound could detect Cu 2+ in an aqueous solution with high selectivity and sensitivity. Moreover, the addition of histidine could disrupt the complex between the compound and Cu 2+ , and induced a recovery of the absorbance and fluorescence of the aggregated compound, indicating that the complex from the compound and Cu 2+ could be used as a "turn-on" fluorescent probe for histidine. 
